Ultraviolet B radiation (UV-B) can reduce swimming performance by increasing reactive oxygen species (ROS) formation. High concentrations of ROS can damage mitochondria resulting in reduced ATP production. ROS can also damage muscle proteins thereby leading to impaired muscle contractile function. We have shown previously that UV-B exposure reduces locomotor performance in mosquitofish (Gambusia holbrooki) without affecting metabolic scope. Our aim was therefore to test whether UV-B influences swimming performance of mosquitofish by ROS-induced damage to muscle proteins without affecting mitochondrial function. In a fully factorial design, we exposed mosquitofish to UV-B and no-UV-B controls in combination with exposure to N-acetylcysteine (NAC) plus no-NAC controls. We used NAC, a precursor of glutathione, as an antioxidant to test whether any effects of UV-B on swimming performance were at least partly due to UV-B-induced ROS.
water, its concentration was measured every day (see below), and the depleted amount was added to the water. Glutathione concentrations in the tail muscle were measured on days 3 and 6 in 8 fish each from 0.0, 0.1, 1.0 mM NAC treatments. The 0.1 mM concentration was chosen for the main experiment because it significantly increased glutathione concentration in fish muscle compared to the other concentrations (see Results). Fish treated with 5 mM NAC died after three days, and these results were excluded from statistical analyses.
The NAC concentration in water was measured according to a published protocol (Kukoc-Modun and Radic, 2011) .The method is based on a coupled two-step redox reaction where, initially, NAC reduces Fe (III) to Fe (II), and subsequently Fe (II) is complexed with 2,4,6-tripyridyl-s-triazine (TPTZ) which can be measured spectrophotometrically at 593 nm.
In a cuvette, we added 1 mL of reaction solution consisting of: 800 µl of 0.5 mM acetate buffer (pH 3.6), 50 µl of 10 mM Fe (III), 50 µl of 10 mM TPTZ, 40 µl water samples containing NAC, and 60 µl water, which we kept at room temperature (25 o C) for 60 minutes before measuring the absorbance. A standard curve was determined using a prepared NAC Journal of Experimental Biology • Advance article solution (range 0-10 mM; Sigma Aldrich, Castle Hill, Australia) to determine the unknown concentration of NAC in the tank water.
Experimental design
For the main experiment, male mosquito fish were transferred to a controlled temperature (CT) room, and were divided into UV-B and no-UV-B (control) treatments.
Within each UV treatment, we conducted NAC treatments with no NAC (-NAC) or 0.1 mM NAC (+NAC). There were three replicate tanks (40 × 20 × 35 mm) per treatment with 20 fish in each tank. Fish were chosen randomly from across all tanks within treatments for experimental measures to minimise potential tank effects. The photoperiod was 12:12 h light:dark for all treatments.
UV-B radiation was provided by 120-cm UV-B fluorescent tubes (UVB-313 EL, Qlab, Cleveland, USA; 280-390 nm) for three hours each day from 11:00-14:00 h, which coincided with the time of greatest natural UV-B irradiation. The control groups received only visible light, and experimental groups received visible plus UV light. The peak natural dose of solar UV-B in summer at the capture site is 7.4 W m -2 at midday, and the total daily natural dose is 5100 J m -2 (Beckmann et al., 2014) . We arranged our lamps so that the peak irradiance was 3.3 W m -2 UV-B at the water surface, which led to a total daily dose of 1188 J m -2 . This lower dose of UV-B was chosen to better reflect the average UV-B dose across seasons (Beckmann et al., 2014) . We measured sustained swimming performance of 12-15 fish from each treatment after one week in treatments, which was sufficiently long to observe effects of UV-B and NAC where they existed (see pilot experiment; (Ghanizadeh Kazerouni et al., 2015) .
Swimming performance and kinematics
Critical sustained swimming speed (Ucrit) (Brett, 1964) was measured according to published protocols (Hammill et al., 2004; Seebacher et al., 2015) . Ucrit was measured in a We measured tail beat amplitude and frequency of nine fish from each treatment by filming fish from above at 60 frames s −1 (with an Exilim EX ZR200 camera, Casio, Tokyo, Japan) according to (Seebacher et al., 2012) . The fish were filmed while holding their position in the swimming flume at 12, 15 and 18 cm s −1 , which correlated to 60, 75 and 90 % of the average Ucrit velocities of all groups, respectively. The films were analysed using
Tracker Video Analysis and Modeling tool (Open Source Physics, www.opesourcephysics.org). The amplitude was measured as the maximal displacement of the tail at the peduncle during one tail beat cycle. Frequency was calculated as 1/period where period is the time taken for the tail to complete one cycle. In the analyses, we used average tail beat frequencies and amplitudes from five independent tail beat events. Protein carbonyl concentrations in tail muscle of 10-11 fish from each treatment were determined using a commercial kit (MAK094, Sigma-Aldrich, Sydney, NSW, Australia) and following the manufacturer's instructions. ROS oxidise proteins and form a stable carbonyl group that can be measured as a marker of oxidative damage. The amount of protein carbonyl in each sample was reported as nmol protein carbonyl per mg total protein. A bicinchoninic acid protein assay kit (BCA1 and B9643, Sigma-Aldrich, Sydney, NSW, Australia) was used to determine the concentration of the total protein per sample.
Lipid peroxidation and protein carbonyl determination
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Glutathione concentrations were determined in tail muscle of eight fish from each treatment using a commercial kit (CS0260, Sigma-Aldrich, Sydney, NSW, Australia) and following the manufacturer's instructions. Reduced glutathione, the main form of glutathione present inside cells, is a tripeptide and the major free thiol in most living cells. Reduced glutathione stabilises ROS by donating an electron. A standard curve was determined using a prepared reduced glutathione solution (range 3.12-50 µm) to determine the amount of glutathione in muscle samples. Glutathione in each sample was expressed as nmol glutathione per mg tissue.
SERCA activity was measured in the tail muscle of 10-12 fish from each experimental group according to a published protocol (James et al., 2011) . We measure SERCA activity to determine whether ROS impaired Ca 2+ handling dynamics and muscle relaxation.
Mitochondrial respiration
Mitochondrial respiration was measured in the tail muscle of 7-9 fish from each swimming performance in fish exposed to UV-B and these increases were paralleled by decreased ROS-induced damage to membranes and proteins.
Swimming performance depends on muscle function, which is modified by factors such as excitation-contraction coupling, muscle protein function, and metabolic capacity (Berchtold et al., 2000b; Johnston and Temple, 2002; Seebacher et al., 2012; Seebacher and Walter, 2012) . In isolated muscle fibres, ROS can damage SERCA, which contributes to reduce Ca 2+ reuptake into the sarcoplasmic reticulum and therefore slows muscle relaxation (Dutka et al., 2012) . Contrary to the results for isolated muscle fibres (Dutka et al., 2012) , SERCA activity was not affected by UV-B radiation or NAC treatment in our experiment.
Nonetheless, the lower Ucrit of fish exposed to UV-B in the absence of NAC was paralleled by lower tail beat frequencies. Tail beat frequency reflects the speed of muscle contraction and relaxation, which is mediated by the sequence of events that start with Ca 2+ release from the sarcoplasmic reticulum, followed by actin-myosin interaction and muscle contraction.
Muscle relaxation comprises actin-myosin cross bridge detachment, and Ca 2+ re-uptake into the sarcoplasmic reticulum (Berchtold et al. 2000) . Considering that SERCA was not affected by UV-B, it appears that the lower tail beat frequency was not caused by slowing of muscle relaxation. It is therefore likely that tail beat frequency was affected by the rate of muscle contraction. For example, ROS can oxidise ryanodine receptors and myofibrillar proteins (Kourie 1998), which can lead to decreased force production and rates of contraction.
Oxidised myofibrillar proteins have decreased Ca 2+ sensitivity, and disrupted actin-myosin interactions (Allen et al. 2008 ). In addition, UV radiation and ROS can affect the nervous system and therefore influence excitation-contraction coupling, which may also impair muscle contractile function (Scholzen et al., 1999; Oka et al., 2015) .
The supply of ATP required for SERCA and myosin ATPase activities is another factor that can restrict muscle performance, and the availability of sufficient ATP is necessary to maintain normal muscle function and locomotion. We reject our hypothesis that UV-B decreases state 3 rates and P:O ratios. However, UV-B significantly decreased mitochondrial respiratory control ratio (RCR), which is an indicator of the relationship between basal proton leak and ATP supply. ROS damage to mitochondrial membranes can increase proton leak, which results in decreased memberane potential and ATP production (Skulachev, 1998; Brand et al., 2005) . In addition, ROS can impair ATP production by disrupting substrate oxidation (Gniadecki et al., 2000; Paz et al., 2008 
